Introduction ces ␣H and ␣I, is responsible for the displacement of the Switch 1 segment of Ras away from the nucleotide Growth factor receptors that signal through tyrosine kibinding site, and the REM domain appears to be loosely nases activate Ras by recruiting the nucleotide exhinged to the main body of the catalytic module through change factor Son of Sevenless (SOS) to the plasma its interactions with the helical hairpin. Interaction bemembrane, thereby facilitating the conversion of tween the REM domain and the helical hairpin is critical Ras·GDP to Ras·GTP (for a review, see Bar-Sagi, 1994) .
for SOS function, since mutations at the interface beThe binding of GTP induces conformational changes in tween them compromise catalytic activity severely two regions of Ras known as Switch 1 and Switch 2, (Hall et al., 2001 ). Nevertheless, the structure of the enabling Ras·GTP to bind to effector proteins and initiate Ras:SOS cat complex showed that interactions between signaling events through them (Milburn et normally anchored to the cell membrane by farnesyl and A striking feature of the ternary Ras·GTP:SOS cat :Ras complex is a network of tightly linked interactions, which palmitoyl modifications within the C-terminal region (see Kuhn et al., 2001 and references therein). The Ras span the REM and cdc25 domains and Ras·GTP and are suggestive of an allosteric mechanism whereby constructs used in this study lack the 23 C-terminal residues, but both Ras molecules in the ternary This analysis revealed the existence within the major peak of two distinct and relatively monodisperse populations. Based on this information, the peak was divided into two separate regions (I and II) for determination of molecular weights ( Figure 2A ). Light scattering data from region I is consistent with a 2:1 complex of Ras and SOS cat , with a measured molecular weight of 88.2 kDa (Ϯ0.9%), compared to the calculated molecular weight of 90 kDa for a ternary complex. Region II comprises mainly a 1:1 complex with a molecular weight of 70.8 kDa (Ϯ1.9%), which matches the molar mass of 71 kDa calculated for such a complex. In Figure  2B , the molecular weight corresponding to each slice across the peak is plotted against the elution time, showing that both the 1:1 and 1:2 complexes are well defined in solution. A cumulative distribution analysis (data not shown) indicates that the 2:1 complex accounts for about 60% of the total population of Ras wt :SOS cat complex.
We crystallized a Ras wt ·GppNp:SOS cat :Ras wt (nucleotide-free) complex and collected X-ray data to 2.7 Å using these crystals. Molecular replacement and refinement confirmed that the structure of the ternary complex in which both Ras molecules have the wild-type sequence (structure C, PDB code 1NVW) is essentially the same as that of structures A and B for ternary complexes There is no structural similarity between SOS cat and domain is mainly polar, and involves the base of the helical hairpin of SOS ( Figure 4B ). In addition to the Nthe Ras binding elements of PI3-kinase. Nevertheless, both SOS and PI3-kinase interact with a similar set of and C-terminal ends of the two helices in the hairpin (␣H and ␣I), this hairpin base region also includes helix residues on Ras·GTP ( Figure 3A) . These interactions involve Switch 1 and Switch 2 at the core, with peripheral ␣G, which connects to the first helix of the hairpin (␣H) through an eight residue connector (residues 922 to 929; interactions with helix ␣1, loop 1, and strand ␤2 of Ras. Interestingly, the distal interface between SOS cat and this connector is highly conserved, see next section), and interacts with Ras·GTP. The Ras residues that interRas·GTP is more extensive ( groups of residues Leu-919 and Ile-922 of the cdc25 sequences of these domains in SOS with those regions domain and also with the sidechain hydroxyl group of corresponding to the cdc25 and REM domains of RasTyr-974. The hairpin base is notable because of the specific nucleotide exchange factors such as Ras-GRF, presence within it of the only two cis-proline residues cdc25, and Ral-GDS. These alignments were difficult to in SOS cat (Pro-924 and Pro-925) ( Figure 4B ). The orientainterpret, because these Ras-specific exchange factors tions of the side chain of Asn-923 and of the backbone are rather divergent in sequence and the alignments are carbonyl groups of residues 919 and 922 of SOS depend not precisely defined in several regions, particularly in critically on the presence of the two cis-prolines, and the REM domain (Boriack-Sjodin et al., 1998). We thereeach of these groups is involved in interactions with the fore restricted our analysis to SOS proteins alone. distal Ras·GTP.
We have compared the sequence of human SOS1 to the sequences of SOS from two insects, Drosophila melanogaster (accession number AAB04680; Bonfini et Sequence Conservation at the Distal Ras Interface al., 1992), and Anopheles gambiae (accession number In order to determine whether the residues that interact with the distal Ras·GTP are conserved, we aligned the EAA15144), and the worm Caenorhabditis elegans (ac- cession number AF251308, Chang et al., 2000), the latter tional importance. In particular, it is significant that there is a striking conservation in the surface-exposed resithree being the only other organisms for which SOS sequences are available at present (SOS sequences dues of SOS cat that make contact with the distal Ras·GTP (Figure 4) . from rat and mouse are also available, but these are essentially identical to the human sequence).
Several of the residues in SOS that interact with the distal Ras are invariant across all four species. Arg 688, The SOS protein is highly conserved throughout the REM and cdc25 domains. The REM and cdc25 domains which forms hydrogen bonds with Glu-37 in the Switch 1 region of Ras, is invariant. The two cis-prolines in the of human SOS1 are 52% and 61% identical in sequence, respectively, to the corresponding domains in the D. 
Measurement of SOS-Catalyzed Nucleotide Exchange Demonstrates an Activating Effect of Ras·GTP
The structural results discussed so far suggest that Ras·GTP might potentiate the Ras-specific exchange factor activity of SOS. To determine experimentally , 1998) . Crystals were grown in hanging drops by mixing equal volumes of protein at 10-20 mg/ml and Acknowledgments reservoir solutions of 1.2-1.5 M phosphate, 100 mM Hepes (pH 7.5) (Form I) or 2%-8% PEG 4000, 100 mM MES (pH 6.5) (Form II). In
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